Abstract-Dual-wavelength (K -and X-band) radar measurements have shown promise in estimating the amount of liquid water in a cloud. By taking advantage of the attenuation by liquid water of the K -band signal as compared to X-band, the rangedifferentiated difference in reflectivity can be used to estimate the spatial distribution of cloud liquid water. One limitation is that the method is based on the assumption that all particles in the radar beams act as Rayleigh scatterers, that is, their diameters are small compared to the radar wavelengths. In natural clouds in wintertime conditions, this often may not be the case. This paper presents simulations of the response of these two wavelengths to conditions measured in several geographic locations. The simulations are used to build simplified relations between radar reflectivity and total mass and size distribution functions of liquid droplets and ice particles. Using these relations, it may be possible to estimate the sizes of the droplets, as well as total mass contents and size distributions of ice particles that may also be present in the sampled volume. Results of radar-based retrieval methods applied to measurements in a winter stratiform cloud are discussed, and compared with a previous result. A technique is described for detecting regions of non-Rayleigh scattering and for subsequently estimating liquid water content (LWC). Additional examples of dual-wavelength measurements in regions containing cloud droplets, small ice particles, and larger snowflakes are discussed.
on the fact that the shorter of these two wavelengths is more strongly attenuated by liquid water than the longer. Attenuation by ice crystals is negligible for both wavelengths. For Rayleigh conditions (hydrometeors much smaller than the radar wavelength) the range derivative of the observed reflectivity difference at the two wavelengths is linearly related to the LWC of the cloud at that location [2] . The two wavelengths chosen for that study are well suited to the method, and the relatively small size of the required hardware components at these wavelengths makes airborne applications feasible.
The dual-wavelength radar differential attenuation technique has been examined theoretically by Gossett and Sauvageot [3] and initial field tests were reported by Martner et al. [2] , [4] , [5] . Field tests were conducted during the Winter Icing and Storms Project (WISP, [6] ) using ground-based radars from the National Oceanic and Atmospheric Administration (NOAA) Environmental Technology Laboratory (ETL) with inconclusive results [5] . Some hardware limitations, such as mismatched beam sample volumes, could be overcome with a design tailored specifically to this application. The more serious limitation, however, lies in the structures of the clouds themselves. The Rayleigh condition assumption, on which the method relies, is often flawed. In the case of mixed-phase (liquid droplets and ice crystals) winter clouds, ice crystals frequently exceed several millimeters, which brings them into the Mie-scattering range.
In this study, we employ numerical model scattering simulations to observations of droplet and ice crystal sizes and concentrations. These are used to provide simplified relations between radar observables, such as reflectivity and attenuation, to liquid, ice, and snow sizes and mass contents. Model computations are also used to estimate the size thresholds for several hydrometeor types when non-Rayleigh conditions seriously affect the validity of the techniques. These theoretical thresholds help define the range of applicability for the dualwavelength radar method. We also examine a method for bypassing non-Rayleigh regions of cloud to provide estimates of LWC in mixed-phase regions. Retrieved liquid water path estimates are compared with microwave radiometer estimates.
II. ESTIMATION OF LWC IN A LIQUID CLOUD
In this section, we will describe the approach to simulating reflectivity and attenuation that are used for liquid retrieval. Radar reflectivity due to an ensemble of particles in the 0196-2892/99$10.00 © 1999 IEEE radar resolution volume is proportional to the incoherent sum of the power backscattered from individual particles. Attenuation through a precipitation medium can be approximated by first-order multiple scattering theory [7] . Reflectivity and attenuation are computed from the Mie-scattering cross sections weighted by particle size distribution [8] .
In typical nonprecipitating clouds, the median volume diameter (MVD) of liquid droplets is < 100 m, and their concentration varies between 3 and 700 l [9] . Droplet parameters used in the simulations are consistent with research aircraft measurements obtained in maritime eastern Canada [9] and in northeastern Colorado during WISP. The droplet size distribution N(D) can be specified using a modified Gamma function [10] (1) where , and are the parameters that define the distribution and is the droplet diameter. For a specified mode diameter, liquid water content, and droplet concentration, the parameters of the droplet size distribution (DSD) can be derived. If the droplets are small compared to K -and X-band wavelengths, the scattering cross sections of liquid droplets can be computed using the Rayleigh scattering approximation. This is usually taken to be /16, where is the radar wavelength, as in [11] . Radar reflectivity factor (hereafter referred to simply as reflectivity) is proportional to the sixth moment of the DSD and LWC is proportional to the third moment. The closed-form expressions for reflectivity ( ) and LWC are (2) and LWC
where specifies the Gamma function of the quantity in brackets. Reflectivity and LWC are not linearly related and the relation between them depends on many independent parameters. Thus, LWC cannot be estimated accurately using reflectivity measurements alone.
Attenuation at K -band is composed of both absorption and scattering losses. For small droplets, the scattering loss is negligible, and hence attenuation is the same as absorption loss. The absorption cross section is proportional to the volume of the droplets and depends on the imaginary part of the refractive index of water. At 10 C, one-way attenuation by cloud droplets ( ) in dB km and LWC in g m are related as LWC (4) An important attribute of (4) is that it is independent of the DSD. Note also that as ambient temperature decreases (increases), the corresponding attenuation increases (decreases).
As the temperature decreases from 0 to 30 C this effect increases the attenuation by 75% [3] . K -band attenuation is estimated by comparing reflectivity gate-by-gate with that from a co-located radar at a wavelength not attenuated significantly by liquid (such as X-band). Reflectivity and K -band attenuation were calculated for 300 randomly selected points within the bounds of the LWC, droplet size and concentration observations using (1)-(4) and are shown in Fig. 1 . Size distributions from which these points were calculated were assumed to be represented by the modified Gamma form in (1) . The parameters of the DSD, namely and , were varied between 0 and 2, and 0 and 1, respectively [10] . The effective radius, i.e., the ratio between the third and second moments of the distribution, varies between 1 and 20 m. Reflectivity for liquid water in the modeled cloud varies between 30 and 5 dBZ.
For a given LWC, as the MVD increases, so does the corresponding reflectivity. In the case of a modified Gamma DSD, reflectivity depends on too many parameters of the size distribution and MVD cannot be retrieved from a reflectivity measurement alone. For the special case of and , the DSD becomes an exponential function. Then, (2) and (3) can be used to estimate MVD as MVD LWC (5) where MVD is in mm, is in mm m , and LWC is in g m . Thus, (4) and (5) can be used to retrieve the LWC and MVD of an exponential DSD from radar attenuation and reflectivity measurements.
III. ESTIMATION OF LWC IN A MIXED-PHASE CLOUD
A mixed-phase cloud is composed of both liquid droplets and ice crystals. For retrieval of microphysical characteristics in these clouds, several types of hydrometeors are simulated in addition to the cloud droplets described in the previous section: small ice particles, and wet and dry snow. Various mixtures of these are used in the retrievals.
We have used values for number concentration, size, density and shape based on observations cited in the literature. These provide realistic hydrometeor characteristics for the simulations. In the calculations we assume the ice phase consists of either high bulk-density ice crystals of sizes < 3 mm or low-density snow aggregates > 1 mm. At K -band, the Rayleigh scattering approximation is valid for ice particle sizes smaller than 3 mm [12] . It is difficult to delineate between liquid cloud and mixed-phase cloud solely using the difference between the attenuated K -band and unattenuated X-band reflectivities, because both small liquid droplets and small ice crystals scatter as Rayleigh targets.
A. Cloud Droplets Mixed With Small Ice Crystals
For an ice crystal with diameter < 3 mm and mass density > 0.5 g cm [13] , the Rayleigh approximation can be used to compute the scattering cross section at K -and X-band frequencies. In this study, the bulk density of such a solid ice crystal is fixed at 0.92 g cm , consistent with observations [13] . The scattering cross section is proportional to the square of the bulk density of the particle [8] , and hence the scattering cross section can be scaled as a function of the bulk density for values < 0.92 g cm as we have assumed. Ice crystals exist in a variety of shapes; however, in this study they are assumed to be spheres. Also in this study, the ice particle size distribution is specified by a modified Gamma distribution as in (1) . It is also assumed that the ice crystal diameters are an order of magnitude larger than those of liquid cloud droplets. The parameters of the size distribution are varied as in the previous section: from 0 to 2, and from 0 to 1. Resultant model computations of reflectivity and attenuation versus ice water content (IWC) are shown in Fig. 2 . Reflectivity from the ice crystals in the simulated mixed-phase cloud is much larger than that from cloud droplets, but attenuation is much greater for the liquid. Thus, in a mixed-phase cloud such as this, even though reflectivity is mainly from the ice phase, K -band attenuation can still be used to detect liquid droplets. Using the model calculations, the following relations were obtained from a least-squares fit to the output: and (7) where , and are reflectivity in mm m , Kband attenuation in dB km , and mass content in g m , all from small ice, respectively. The normalized root mean square (nrms) error for the relation (6) is 0.34; nrms for the (7) relation is 0.45. Large nrms errors in these relations indicate that a reflectivity-based estimate of , as suggested by (6) and (7), is prone to substantial error.
B. Cloud Droplets Mixed with Large Snowflakes
Rigorous Mie-scattering assumptions should be used to compute the scattering characteristics of snow. We are assuming snowflakes are aggregates of ice crystals, and have patterned our snow calculations on this assumption. The scat- tering characteristics of aggregates depend on the following: bulk density, median diameter of the size distribution, wetness (amount of unfrozen liquid within the particle) and minimum size of the particles in the size distribution. The bulk density and wetness of the snowflakes depend on the degree of riming, aggregation, and melting. The bulk density and wetness tend to vary over a wide range and as the size of the snow particle increases, the bulk density and wetness decrease [14] , [15] . The bulk density of dry snow ( ) and volume fraction ( ) of wet aggregates can be computed based on these relations (8) and (9) where is in g cm , is in millimeters, and is unitless.
These relations are based on in situ observations [15] . The Maxwell-Garnet mixing formula [16] was used to compute the dielectric constant for snow, and K -and X-band backscatter characteristics for dry snow are shown in Fig. 3 . The number concentration of snow was assumed at 1 m . At X-band, both wet and dry snow scatter as Rayleigh scatters for the sizes used. Particles > 3 mm behave as Mie-scatterers at K -band.
Typical snow size spectra can be approximated by an exponential function [17] . The number concentration of particles was varied between 0.2 and 8.0 l [17] , and median diameter varied between 0.5 and 5.0 mm. The backscatter cross sections of individual particles were integrated over an exponential size distribution. Fig. 4 (a) and (b) shows model computations of X-band reflectivity and K -band attenuation versus snow water content for dry snow. For small snow mass content (> 0.01 g m ), the X-band reflectivity is the same as the Rayleigh reflectivity. For snow mass content < 0.01 g m , the X-band Mie reflectivity is 5-7 dB lower than it would be for Rayleigh conditions. The amount of scatter in Fig. 4(a) is smaller than that in Figs. 1(a) and 2(a) because the snowflake size distribution is assumed exponential, and also for a given particle size, the volume fraction of ice is fixed as was specified in (8) . K -band attenuation is smaller because for a dry snowflake, absorption loss is negligibly small compared to liquid cloud droplets.
Using the simulated K -and X-band output, the following relations were obtained: (10) and (11) where , and are X-band reflectivity in mm m , K -band attenuation in dB km , and mass content in g cm for dry snow, respectively. The nrms for the reflectivity-based snow mass content estimate based on Miescattering (10) is 0.13.
The reflectivity and K -band attenuation of wet snow are shown in Fig. 5(a) and (b) . For a given snow mass content, reflectivity and attenuation are larger for wet than for dry snow. In the case of wet snow, the difference between the Rayleigh and X-band reflectivity is smaller than for dry snow because we have assumed the sizes of wet snowflakes are smaller than those of dry snowflakes. Depending on bulk density, the volume fraction of water, and the snowflake diameter, the reflectivities of wet and dry snow can overlap. Hence it is difficult to delineate the regions of wet and dry snow using the reflectivity alone. Best-fit relations from the simulated output are (12) and (13) where the units and symbols are the same as previously used for the dry snow quantities. K -band attenuation can be significant for wet snow, as noted in Fig. 5(b) . However, the typical LWC of liquid clouds are much greater than their ice mass contents.
A summary of the relations between radar reflectivity and attenuation and LWC or ice and snow mass contents is plotted in Fig. 6 . What is not indicated on the figure is the scatter in the retrievals-some of the calculations overlap as shown in Figs. 2, 4 , and 5. Also, lines for wet and dry snow are only extended to 0.08 g m , which is the largest ice mass calculated for those particle types and their assumed size distributions. Extrapolation of the best-fit relations to larger ice mass contents, such as those which are shown for small ice and cloud droplets, would infer unrealistically large values. The figure reveals that for equal amounts of mass, snow and ice dominate cloud reflectivity, but wet snow and cloud droplets are the only important attenuators.
We define the dual-wavelength ratio DWR as DWR dBZ dBZ (14) Fig. 7 illustrates how the DWR might be used to estimate MVD of wet and dry snow. For a given MVD, the DWR of wet snow is greater than that for dry snow because the scattering cross section of wet snow is greater than that for dry snow. Also the magnitude of DWR is a function of the ice and water volume fraction of snowflakes. In a mixed-phase cloud with liquid droplets and snowflakes, the combination of DWR and X-band reflectivity could be used to detect regions of snowflakes. For dry snow, attenuation is negligible and hence K -band attenuation can be used to estimate LWC. For wet snow, it is difficult to retrieve LWC since attenuation due to wet snow can be comparable to that from cloud droplets. The components of DWR, i.e., reflectivity of K -and X-band, are statistically independent and hence the statistical fluctuation in the DWR signal is the sum of statistical fluctuations in K -and X-band reflectivities. A 3-dB threshold is used to filter out fluctuations in the DWR signal [18] . The DWR can be used to detect only MVD > 3 mm, thus, K -band attenuation, DWR and reflectivity observations could be useful for estimating snow mass and cloud droplet LWC, snow mass and large snowflake sizes. Fig. 8 shows DWR plotted against minimum diameter of the snowflake in the exponential size distributions. As minimum snowflake diameter increases, the DWR increases and there is more sensitivity to wetness of aggregates. Thus, DWR could be used to estimate the minimum size of the snowflake in a snow size distribution if there is no significant attenuation of the K -band signal by the intervening cloud [19] .
IV. MEASUREMENTS

A. Comparison Between Radar and Radiometer Observations
The dual-frequency technique for retrieving atmospheric liquid water content is susceptible to problems from nonRayleigh scattering as discussed in the earlier section. Therefore, the technique may yield false DWR that can subsequently lead to false LWC estimation. A better estimate of the spatial distribution of LWC could be obtained by carefully avoiding non-Rayleigh scattering regions, as illustrated by the following example. The maximum reflectivity at either wavelength is 2 dBZ and the DWR is always < 3 dB. Based on these observations, we can infer that this sampled cloud volume consists primarily of liquid cloud droplets with perhaps some small ice particles. In this case, the LWC can be estimated from the slope of the bottom curve [2] .
Data from a different azimuth angle in the same cloud, at nearly the same time, is shown in Fig. 9(b) . This beam pair appears to pass through regions of Mie-scattering. The locallyenhanced DWR at 4-5 km and 8-12 km are characteristics of Mie-scattering and are probably due to the presence of ice particles with diameters > 3 mm. The near edges of the Mie-scattering regions produce DWR signatures that could be misinterpreted as large positive K -band attenuation and very large LWC. Similarly, the far edges of these regions, where DWR drops rapidly with range, will result in physicallyunrealistic negative LWC retrieval.
The NOAA researchers [2] used a reflectivity threshold of 15 dBZ in a crude attempt to mask out non-Rayleigh scattering regions; the assumption was that such high-reflectivities were likely to contain larger snowflakes. This simple reflectivity threshold, however, was insufficient to avoid all Mie scatters, and still resulted in fields of negative LWC retrieval in some cloud regions. The results presented in the previous section imply that thresholding by DWR could be more useful. In the case of Mie-scattering, large reflectivity differences are localized in regions of large snowflakes. These localized differences in reflectivity, when corrected for dual-frequency attenuation, can be revealed by the DWR. As described earlier, a threshold of DWR > 3 dB would be useful for detecting snowflakes in this example.
We assume that at the farthest end of the cloud, which would be cloud top if the tilted radar beam penetrated the entire cloud layer, ice crystal and water droplet sizes will be small [20] . If this is the case, at that location the difference between Kand X-band reflectivities is the cumulative attenuation along the beams. By choosing only local maxima in DWR, which decrease in magnitude at distances close to the radar, regions of Mie-scattering can be eliminated. Total liquid water path (LWP) is then calculated by integrating the retrieved LWC over the entire beam extent. Data collected on March 22, 1991 were processed using this method only for Rayleigh-regime regions. Simultaneous microwave radiometer data were also collected for this event, using a scanning radiometer [2] , which employs retrieval techniques at two brightness temperatures to estimate total liquid water path [21] . The comparison is shown in Fig. 10 , along with the original NOAA retrieval [5] . Although the DWR thresholding appears to provide a better mask than the reflectivity threshold at most azimuths, there are still areas with significant disagreement between radar-and radiometer-retrieved LWP. At the farthest radar range gate, the altitude of the radar beam is 3.2 km. At some azimuths, such as around 120 and from 240 to 340 , the agreement is generally favorable which suggests either that the cloud top was below that level or that any cloud above that altitude contained ice but little or no liquid. More detailed analysis of individual radar beams suggests that the somewhat lower value of radar-estimated LWP in remaining areas could be due to the lack of radar sensitivity at farther ranges. The higher radar estimates of LWP near 280 azimuth could be due to non-Rayleigh scatters near the end of the radar beam, in violation of our assumption that these will not be present at that location.
B. Retrieval of LWC and IWC
In the previous section, relations between radar observables and retrieved values were determined using simulated output. These were based on X-band reflectivity and K -band attenuation. Attenuation and reflectivity measurements can be used to estimate liquid and ice masses in mixed-phase clouds as demonstrated earlier in this study. In general, the total attenuation and reflectivity in a mixed-phase cloud can be written as (15) and (16) where , , and are coefficients of the relations presented in the previous sections for liquid ( ) and ice ( ) phase hydrometeors. Generally, for ice crystals and dry snow (but not for wet snow) as illustrated in Fig. 6 . Thus, LWC can be approximated by LWC Using (16) , the ice or snow mass is estimated as (18) The DWR can be used to identify snow, so that the appropriate reflectivity-mass relation can be applied to (17) . Since these estimators have relatively large nrms errors, the result of (18) would also be expected to have a large error associated with it. The procedure described above can be used to estimate LWC and ice mass from observations by the NOAA radars in WISP. Fig. 11(a) and (b) illustrate an application to LWC estimates in a mixed-phase cloud. In Fig. 11(a) , the DWR is < 3 dB, suggesting that most of the ice phase consists of small crystals. To a range of 9 km, only small ice particles are present. Between 10 and 14 km, we infer that both liquid droplets and larger ice particles exist, and that liquid droplets again dominate between 14 and 18 km. The region at a different date shown in Fig. 11(b) contains larger reflectivity values compared to Fig. 11(a) . The DWR > 3 dB between 12-17 km, and > 19 km, and these regions probably contain dry snowflakes with mass contents varying between 0.01 and 0.1 g m . From 9 to 15 km, cloud droplets probably dominate and the peak LWC is 0.7 g m .
V. SUMMARY AND CONCLUSIONS
This study has considered dual-wavelength radar retrievals of characteristics of liquid droplets and ice crystals in several types of clouds. Cloud droplets with diameters < 100 m, small dense ice crystals, and wet and dry snowflake aggregates, as well as mixtures of these species, were considered. Hydrometeor characteristics were obtained from in situ observations. A numerical model of K -and X-band response to these hydrometeors was used to derive simplified relations between radar observables and sizes and masses of the hydrometeors.
For clouds with only small liquid droplets, the modeled cloud reflectivity varied between 30 to 5 dBZ and attenuation was verified to be linearly proportional to LWC. Reflectivity alone cannot be used to delineate regions of ice crystals and liquid droplets, but dual-wavelength measurements may be appropriate. Dual-frequency measurements rely on X-band reflectivity, K -band attenuation and the difference between K -and X-band reflectivities (DWR). In a mixedphase cloud, even though reflectivity is dominated by ice particles, attenuation is due mainly to liquid droplets. Thus, a dual-frequency technique is capable of detecting cloud droplets in a mixed-phase cloud, if the ice crystals are small or if larger snowflakes present are dry. Mie-scattering can be significant when ice particles have diameters exceeding 3 mm. For both wet and dry snow, the DWR can be used to estimate both the minimum diameter and MVD, given certain assumptions about the snowflake size distributions. Attenuation due to wet snow is also proportional to the snow mass content. For a given mass content, attenuation due to wet snow is greater than that by clouds with only small droplets.
Mie-scattering introduces artifacts in dual-wavelength retrieval of LWC. An improved processing technique was described and an example shown. The method uses the dualwavelength ratio to identify regions that are likely to contain large ice crystals or snowflakes. These regions are excluded as end points for calculating LWC from the range derivative of the reflectivity difference.
The use of two wavelengths is a potentially powerful source of additional information about cloud hydrometeors which extends well beyond what can be extracted from the single-wavelength data of conventional radars. For example, in a cloud containing small ice crystals and cloud droplets [Rayleigh scattering prevalent, as in Fig. 9(a) ], both the ice mass content and the LWC can be estimated because the cloud's reflectivity is dominated by ice, while the dual-wave attenuation difference is dominated by the liquid. In regions of large snowflakes without cloud droplets [Mie-scattering prevalent, as in Fig. 9(b) ], the median snowflake size can be estimated from the DWR, and this can be further extended to an estimate of snowfall intensity [19] . Even in cases where droplets and snowflakes coexist, it is possible to obtain a coarser-resolution estimate of the LWC by a method outlined in this article.
The purpose of this research has been to extend dualwavelength radar techniques of earlier studies. These techniques are still in the research phase of development and their scientific promise must first be adequately evaluated before development can confidently move to operational applications. Assessment of the engineering challenges involved in the operational implementation of these methods is beyond the scope of this study.
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